Within the framework of the color flux-tube model with a multibody confinement potential, we systematically investigate the hidden charmed states observed in recent years. It can be found that most of them can be described as the compact tetraquark states [cq][cq] (q = u, d and s) in the color flux-tube model. The multibody confinement potential based on the color flux-tube picture is a dynamical mechanism in the formation and decay of the compact tetraquark states.
I. INTRODUCTION
A large amount of hidden charmed XY Z states have been observed by several major particle physics experimental collaborations in the past fifteen years [1] . The discovery of these new hadron states has enriched the charmonium spectroscopy greatly. It is impossible to accommodate all these states in the conventional cc-meson framework because the charged Z + c states must have a smallest quark component ccud due to carrying one unit charge. The situation provides us an excellent opportunity to deepen our understanding of the complicated non-perturbative behavior of quantum chromodynamics (QCD) in the low energy regime which maybe absent in the traditional-baryon and qq-meson.
The theoretical physicists have paid much attention to investigate the internal structure of the new hidden charmonium states. Apart from the conventional charmonium states, many exotic candidates, such as mesonmeson molecule states, tetra-quark states, charmoniumhybrid states, baryonium states and so on, are proposed in the different theoretical frameworks [2, 3] . Even so, the properties of some states are still not clear so far and therefore more theoretical studies are needed to explain the existing data, which may help us to recognize the mechanism of the low energy non-perturbative behavior better as well as to test various phenomenological models of hadron structure physics.
A systematical investigation on the structures of the hidden charmed states not only is propitious to comprehensively understand the underlying regularities of the properties of the states but also provides new insights into the strong interaction dynamical mechanisms in exotic hadron systems. The goal of the present work is therefore to systematically research the hidden charmed states under the hypothesis of the tetraquark state [cq] [cq] in the color flux-tube model (CFTM) which bases on the lattice QCD (LQCD) picture and the traditional quark models. The model involves a multibody confinement potential instead of a two-body one proportional to the color charge in the traditional quark models [4, 5] .
This paper is organized as follows: the CFTM is given in Sec. II. The numerical results and discussions of the hidden charmed states are presented in Sec. III. A brief summary is listed in the last section.
II. THE COLOR FLUX-TUBE MODEL
QCD has been widely accepted as the fundamental theory to describe the interactions among quarks and gluons and the structure of hadrons. However, it is still difficult for us to derive the hadron spectrum from the QCD directly at present. LQCD was invented to solve QCD numerically through simulations on the lattice, which has been proven very powerful in the calculation of the hadron spectrum and hadron-hadron interactions but so time-consuming. The phenomenological constituent quark models (CQM) involving the QCD spirits have therefore been applied extensively to study hadron physics. CQM can offer the most complete description of hadron spectra and is probably the most successful phenomenological model of hadron structures [6] .
The color confinement is the most prominent feature of QCD and should play an essential role in the low energy hadron physics, whose understanding continues to be a challenge in the theoretical physics. A two-body confinement potential proportional to the color charge λ i · λ j was introduced to describe quark color confinement in the traditional quark models [7] , which can well describe the properties of the conventional mesons and baryons. Can the models be directly extended to study multiquark states and hadron-hadron interactions? In fact, the models are well known to be flawed phenomenologically because of the power law van der Waals forces between two color-singlet hadrons [8] .
LQCD calculations on mesons, baryons, tetraquark, and pentaquark states reveal color flux-tube or stringlike structures [9, 10] . The confinement potential of mul-tiquark states is a multibody interaction and can be simulated by a potential proportional to the minimum of the total length of color flux-tubes connecting the quarks and antiquarks to form a multiquark system [9, 10] . Based on the traditional quark models and the LQCD picture, the CFTM has been developed in our group [4] , in which the confinement potential is a multibody interaction instead of the sum of two-body one in the traditional quark models. In order to simplify the numerical calculation, the linear multibody confinement potential in the LQCD is replaced by a quadratic one. Analytical formulas illustrating the differences between two confinement potentials can be found in Ref. [11] . The numerical comparison studies between linear and quadratic potentials showed that the inaccuracy of this replacement is quite small for the ground states [12] . In the case of the excited states, the bb energy of the 2S states in quadratic potential is ≤ 1% higher than that in linear potential, around 10% for 3S states, and rise to 20% for 4S states [13] .
The CFTM includes one-gluon-exchange, one-bosonexchange, σ-meson-exchange and quark confinement potential [4] . The model Hamiltonian for the tetraquark states [cq] [cq] is given as follows,
The codes of the quarks (antiquarks) c, q,c andq are assumed to be 1, 2, 3 and 4, respectively. Their positions are denoted as r 1 , r 2 , r 3 and r 4 . T c is the center-of-mass kinetic energy of the state; p i and m i are the momentum and mass of the i-th quark (antiquark), respectively. The quadratic confinement potential, which is believed to be flavor independent, of the tetraquark state with a diquark-antidiquark structure has the following form,
The variational parameters y 12 and y 34 are the junctions of two Y-shaped color flux-tube structures. The parameter K is the stiffness of a three-dimension color flux-tube. The relative stiffness parameter
C3 [14] , where C d is the eigenvalue of the Casimir operator associated with the SU (3) color representation d at either end of the color flux-tube, such as C 3 = C with respect to y 12 and y 34 , and it can be expressed as
The canonical coordinates R i have the following forms,
The use of V C min can be understood here as that the gluon field readjusts immediately to its minimal configuration.
The [15] ,
where χ stands for the mesons π, K and η, Y (x) = e −x /x. α s is the running strong coupling constant and takes the following form [15] ,
where µ ij is the reduced mass of two interacting particles.
where r 0 (µ ij ) =r 0 /µ ij . Λ 0 , α 0 , µ 0 andr 0 are adjustable model parameters. The diquark [cq] and antidiquark [cq] can be considered as compound bosonsQ and Q with no internal orbital excitation, and the angular excitations L are assumed to occur only between Q andQ in the present work. In order to facilitate numerical calculations, the spin-orbit interactions are assumed to take place approximately between compound bosonsQ and Q, which is consistent with the work [17] . The spin-orbit-related interactions can be expressed as follows
where the masses of the compound bosons M Q = MQ ≈ m c + m q , X is the distance between the two compound bosons, It is worth pointing out that the exclusive and most salient feature of the CFTM is that a multibody confinement potential instead of a color dependent two-body one used in the traditional CQM based on the color flux-tube picture in the LQCD is performed to describe multiquark states comparing with other CQM [15, 18] . However, the CFTM reduces to the traditional quark model with quadratic confinement potential when it is applied to investigate ordinary hadrons.
The model parameters are determined as follows. The mass parameters m π , m K and m η in the interaction V B ij take their experimental values. The cutoff parameters Λ π , Λ K , Λ η and Λ σ and the mixing angle θ P take the values in the work [15] . The mass parameter m σ in the interaction V σ ij can be determined through the PCAC relation m [19] . The chiral coupling constant g ch can be obtained from the πN N coupling constant through
The values of the above fixed model parameters are given in Table I . The adjustable parameters and their errors in Table II can be determined by fitting the masses of the ground states of mesons in Table III Table III .
III. NUMERICAL RESULTS AND DISCUSSIONS
Within the framework of the diquark-antidiquark configuration, the wave function of the state [cq] [cq] can be written as a sum of the following direct products of color 
In which the subscripts a and b represent the diquark [cq] and antidiquark [cq], respectively. The parity of the states is related to the angular excitations L between Q andQ as P = (−1) L because of no internal orbital excitation in the Q andQ. Considering a pair of chargeconjugated bosons QQ, we can obtain the C-parity C = (−1) L+S−sa−s b because the total wavefunction has to be completely symmetric under exchange of coordinates and spin of the bosons Q andQ.
The relative spatial coordinates r, R and X can be defined as,
It is worth mentioning that this set of coordinate is just one possible choice of many coordinates and however most propitious to describe the correlation of two quarks in the diquark. In order to obtain a reliable solution, a high precision numerical method is indispensable. The Gaussian Expansion Method(GEM) [20] , which has been proven to be rather powerful to solve few-body problem, is therefore used to study four-quark systems in present work. According to the GEM, three relative motion wave functions can be written as,
More details of the relative motion wave functions can be found in the paper [20] . [18] , respectively. A real physical state should be their mixture because of the coupling between two states. The total spin wave function can be written as S = s a ⊕ s b . Then we have the following basis vectors as a function of the total spin S,
With respect to the flavor wavefunction, we only consider SU f (2) symmetry in the present work. The quarks s and c have isospin zero so that they do not contribute to the total isospin. The flavor wave functions of the states only consisting of u and d quarks and their anti-particles are similar to those of spin.
The converged numerical results can be obtained by solving the four-body Schrödinger equation
with the Rayleigh-Ritz variational principle. The energies E 4 ± ∆E 4 of the states [cq] [cq] with n 2S+1 L J and IJ P C or IJ P which maybe consistent with the quantum numbers of the experimental states are systematically calculated and presented in Table IV .
Next, we discuss the properties of the hidden charmed states observed in experiments and their possible candidates in the CFTM. The state X(3872) was first discovered in the hidden charmed family and favors IJ P C = 01 ++ [21] . Various interpretations have been proposed to explain its structure in the different theoretical framework since 2003 [2] , such as diquark-antidiquark state and molecule state. However, the property of the state has been not fully understood so far. In the CFTM, the tetraquark [cq] [cq] with J P C = 01 ++ and 1 3 S 1 has a mass of 3926 ± 9 MeV, which is a little higher than the experimental data although a four-body confinement potential instead of two-body one was applied [22] . The state Z(3930) was reported by the Belle Collaboration in 2005 and favors the IJ P C = 02 ++ assignment [23] . The state X(3915) was first reported by the Belle Collaboration and then confirmed by the BarBar Collaboration, the spin-parity of the state J P = 0 + was favored [24, 25] . The states Z(3930) and X(3915) were suggested as the good candidates of the P -wave charmonia, χ ′ c0 (2P ) and χ ′ c2 (2P ) [1, 23] , respectively. There is a big gap between the energies of the tetraquark states with J P = 2 + and 0 + in the CFTM and those of the states Z(3930) and X(3915), respectively.
The states X(3940) and X(4160) were discoverd in the double charmonium production e + e − → J/ΨX [26] . Many work described the state X(3940) as the η c (3S) charmonium state. However, a problem of the description of the X(3940) is that its mass is a bit lower than theoretical prediction [27, 28] [cq] are much higher than the masses of the X(3940) and X(4160) and does not support them to be charmonium-like tetraquark states [29] .
The state X(3823) was observed by the Belle Collaboration and suggested J P C = 2 −− [30] . The energy of the tetrequark state [cq] [cq] with negative parity (L = 1, 3) is much higher than that of the state X(3823) (see the  Table IV) . In this way, the state can not be described as a tetraquark state in the CFTM.
The state X(4350) was reported by the Belle Collaboration in the process of γγ → J/ψφ, its quantum number is either J P = 0 + or 2 + [31] . The state was describe as the charmonium state χ c2 (3P ) in Refs. [27, 32] . Furthermore, QCD sum rules disfavored the assignment of the X(4350) as the exotic charmonium-like tetraquark or molecular state [33] . However, the state X(4350) can be interpreted as the 2 5 D 2 and 2 + tetraquark state [cq] [cq] with positive parity in the CFTM.
The states X(4140) and X(4274) were first reported by the CDF Collaboration [34, 35] . Recently, the LHCb Collaboration confirmed the two states in the J/ψφ invariant mass distribution and determined their spin-parity both to be J P = 1 + [36] . At the same time the two states X(4500) and X(4700) with J P = 0 + states were observed in the J/ψφ invariant mass distribution [36] . These four states in the J/ψφ invariant mass spectrum attracted much attention because they may contain both a cc pair and an ss pair, which implies that they may be exotic states. 5 D 0 is 4704 ± 7 MeV, which is in full accord with that of the state X(4700). In brief, the states X(4274), X(4500) and X(4700) can be described as the compact tetraquark states [cs] [cs] in the CFTM, which is supported by the work [37] . However, the state [38] . Later, it was confirmed by both the CLEO and Belle collaborations in the same process [39] . Many pictures were proposed to describe its internal structure [2] cross section [45] . The masses and widths of the two states are consistent with each other within errors [45] . The two states therefore may be the same state or structure [46] In addition, the hidden charmonium pentaquark states P + c (4380) and P + c (4450) were also investegated in the CFTM [61] . The main component of the state P + c (4380) can be described as a compact pentaquark state uudcc with the pentagonal color structure and J P = because the large binding energies of the light mesons π and ρ, which originates from the stronger interactions between two light quarks q andq. In one word, the tetraquark states [cq] [cq] are impossible to form stable states so that they finally decay into two mesons cc and qq, which is in agreement with the conclusions in many researches on tetraquark states [22, 62] . On the contrary, the states [cc] [qq] are easier to form stable tetraquark states beacuse they can only decay into Table V . The diquark and antidiquark are found to share the same size, which is mainly determined by the total spin S but does not change greatly with the total spin S, especially for higher orbital excited states. The diquark and antidiquark are therefore rather rigid against the rotation. The distance X 2 1 2 changes remarkably with the relative orbital excitation L between the two clusters and however is irrelevant to the total spin S. In this way, one can figure out the picture that the diquark and the antidiquark look like very compact objects well separated one from each other, which was called as dumbbell configuration in the work on the properties of diquonia [65] . The higher the orbital angular momentum L, the more prolate the shape of the excited states. The three-dimension spatial configuration is determined by the dynamics of the model, especially the multibody confinement potential and kinetic energy. The color flux tubes reduce the distance between any two connected quarks to as short a distance as possible to minimize the confinement potential energy, while the kinetic motion expands the distance between any two quarks to as long a distance as possible to minimize the kinetic energy. Therefore, they compete with each other to eventually achieve an optimum spatial structure: three dimensional compact structure. LQCD study on the tetraquark states demonstrated that the twisted tetraquark configuration or the tetrahedral structure seems to be rather stable against the transition into the two mesons [10] .
The multibody confinement potential based on the color flux-tube picture is the dynamical mechanism of the formation of the compact tetraquark states, which is a collective degree of freedom and binds all particles to establish a compact multiquark state. The higher L the excited state, the more confinement potential is stored in the color flux tube connecting the diquark and antidiquark because the confinement is proportional to the distance between the two clusters X 2 1 2 . In the case of well-defined tetraquark states, it can be found in Table IV that the experimental decay width of the charged states Z + c is really proportional to L, which is supported by the theoretical investigations on the decay width of the mesons and tetraquark states in the string model [66] . This phenomenon does not seem obvious for the XY states, which originate from that the main component of a few or some of XY states may be not diquark-antiquark states but meson-meson molecule states, charmonium or hybrids, et al.
The assignment of the diquark-antidiquark component of the hidden charmed states in the CFTM is completed just according to the proximity to the experimental masses. As a matter of fact, a tetraquark system should be the mixture of the diquark-antidiquark and meson-meson configurations, which represents an interesting phenomenon of the flip-flop, namely a recombination of the color flux-tube configuration so as to minimize the total confinement potential in accordance with the change of the quark location. The flip-flop is important for the properties of tetraquark states especially for the decay process into two mesons. The hidden charmed states should eventually decay into several color singlet mesons due to their high energy. In the course of the decay, the three-dimension spatial structure must collapse because of the breakdown of the color flux tubes, and then the decay products form by means of the recombination of color flux tubes. The decay widths of the hidden charmed states are determined by the transition probability of the breakdown and recombination of color flux tubes, which is worthy of further research to inspect strictly the main component of the hidden charmed states in future work. In addition, the flip-flop leads to infrared screening of the long-range color interactions between two particles in different mesons, and so that the color van der Waals force between two mesons disappear [10] .
IV. SUMMARY
We systematically investigate the hidden charmed states observed in experiments within the framework of the CFTM involving a multibody confinement potential instead of a two-body one proportional to the color charge in the traditional quark models. Our model investigations demonstrate that the most of the states can be universally identified as compact tetraquark states just taking the proximity to the experimental masses into account. The stringent check of the assignment of the main component of the hidden charmed states is indispensable by systematically investigating on the decay properties of the states.
These discoveries of multi-quark hadrons, at least the charged states Z c , have revealed new aspects of hadron physics, especially for the complicated non-perturbative behavior of QCD. The multibody color flux-tube in the multi-quark states employs a collective degree of freedom whose dynamics play an important role in the formation and decay of those compact states.
In the present calculation, only diquark-antidiquark configuration are considered. Di-meson structure is also possible and should be taken into account by introducing the flip-flop confinement potential. Furthermore, for the most states, the quark-antiquark configuration can not be ruled out, the mixing of the quark-antiquark with the tetraquark states will move the physical states up or down. Therefore, the more complete calculation includes all the effects are expected to give a more reliable description of these hadron states.
